Introduction
============

Lycobetaine (ungeremine; AT--1840; LBT) ([Figure 1](#f1-ijn-8-1959){ref-type="fig"}) is a quaternary phenanthridinium alkaloid from *Lycoris radiata* of the Amaryllidaceae family.[@b1-ijn-8-1959] Intravenous injection of this alkaloid was found to show significant cytotoxic activity against (inter alia) Lewis lung carcinoma in lab animals.[@b2-ijn-8-1959],[@b3-ijn-8-1959] Lycobetaine was shown to act as a topoisomerase inhibitor which inhibits both topoisomerases I and II.[@b4-ijn-8-1959],[@b5-ijn-8-1959] Lycobetaine (LBT) was demonstrated to have a curative effect, low toxicity, no myelosuppression, when studied in the 1980s extensively.[@b6-ijn-8-1959],[@b7-ijn-8-1959] However, its therapeutic use is largely limited, due to an extremely short half-life in the blood of about 30 seconds.[@b7-ijn-8-1959],[@b8-ijn-8-1959] Moreover, no reported drug delivery systems were found for LBT delivery. Therefore, a novel drug-delivery system was developed for LBT that could extend the circulation time of the drug in vivo.

Recently, among various lipid nanoparticles, increasing attention has been focused on nanoemulsions as colloidal drug-carrier systems, avoiding some disadvantages of nanoparticles, microemulsions, niosomes, liposomes, and simultaneously combining their advantages, such as: (1) stability against inherent creaming, flocculation, coalescence, and sedimentation; (2) easily prepared; (3) solubilization properties; (4) ability not to damage healthy human and animal cells; (5) easy to produce; (6) and small droplet size.[@b9-ijn-8-1959] Lipid nanoparticles displayed advantages, such as prolonged release, high drug-loading capacity, and drug targeting,[@b10-ijn-8-1959] but they also create some imperfections such as a weak uptake capacity for the drug.[@b11-ijn-8-1959] Nanoemulsions also have several biological applications: as a carrier for targeted drug delivery; as a prophylactic in bioterrorism attacks; as a nontoxic disinfectant cleaner; in improved oral delivery of poorly soluble drugs as a vehicle for transdermal.[@b12-ijn-8-1959] These unique characteristics of nanoemulsions (NE) highlight them as suitable drug carriers with improved targeting properties. It has been demonstrated that with the help of NEs as a delivery system, the retention time of a drug in the body can be increased, thereby reducing the amount of drug required for a therapeutic treatment. Thus, NEs can help achieve drug targeting while protecting the drug from degradation/elimination in vivo. The components of NE, such as lecithin, soybean oil (injectable grade), and structured lipids (injectable grade), have been clinically available for several decades and are currently used in many parenteral formulations. Therefore, NE are much more suitable for encapsulating LBT than other nanocarriers. Short half-life drugs used in clinics are administered generally via intravenous infusion. Surface modification of nanocarriers with amphiphilic polymer polyethylene glycol is thought to provide steric stabilization for the particles. Polymer polyethylene glycol chains offer an "invisibility" to the nanoparticles. This was reflected in a reduced recognition of the mononuclear phagocyte system and an extended time of circulation.[@b13-ijn-8-1959] Therefore, polymer polyethylene glycolylated NE is designed and developed for the parenteral delivery of LBT.

In this study, we aimed to develop biocompatible nanocarriers for LBT delivery. To enhance the lipophilicity of LBT necessary for encapsulation, oleic acid was selected as the lipophilic complexing agent to form LBT-oleic acid ionic complex (LBT--OA). LBT-oleic acid (OA) complex loaded NE (LBT--OA--NE) and PEGylated LBT--OA--NE (LBT--OA--PEG--NE) were prepared by a simple high pressure homogenization method. Both LBT--OA--NE and LBT--OA--PEG--NE nanocarriers displayed high encapsulation ratio and excellent size distribution. In addition, structured lipids, a type of liquid lipid commonly used in parenteral nutrition, were selected to construct NE with lecithin for its good solubility of LBT-OA rather than other liquid lipids (eg, soybean oil and medium-chain triglyceride). The physicochemical properties and in vivo pharmacokinetics of both LBT--OA--NE and LBT--OA--PEG--NE were further evaluated and compared with free LBT. The biodistribution of these NE formulations was examined to estimate their targeting performance in rats. Afterward, the PEGylated NE and free LBT were compared with respect to heterotopic and lung metastatic tumor models, respectively, to evaluate the antitumor effect.

Materials and methods
=====================

Materials
---------

LBT acetate was offered by Sichuan Shifang Hongsheng Plant Raw Material Co, Ltd (Shifang, People's Republic of China). Purified yolk lecithin (Lipoid E80), mPEG2000-DSPE, and OA were purchased from Lipoid Co, Ltd (Ludwigshafen, Germany). The structured triglyceride (structured lipid \[SL\]) was a gift from Sichuan Baili Pharmaceutical Group Co, Ltd (Chengdu, Sichuan, People's Republic of China). All the other chemical solvents and reagents were of analytical grade or above.

Animals
=======

Male Wistar rats (200 ± 20 g) and eight-week-old C57BL/6 mice were obtained from the Laboratory Animal Center of Sichuan University (Chengdu, People's Republic of China). They were fed in sterile conditions and acclimated for at least 5 days. All the animal experiment protocols and procedures were approved and supervised by the Animal Ethics Committee at Sichuan University.

Preparation of LBT--OA
======================

To neutralize the charges of cationic LBT acetate salt form and facilitate drug entrapment in the oil phase, LBT--OA was prepared using a coprecipitation method. The amount of LBT used was calculated as the acetate salt form throughout the experiment. To prepare an aqueous solution of LBT acetate (1.6 mg/mL), 20 μL of 5% acetic acid solution was added to 8 mL of aqueous solution of LBT acetate (1.6 mg/mL) in a 10 mL centrifuge tube. An aqueous solution of LBT base was prepared by adding 0.14 mL of sodium bicarbonate solution (50 mg/mL) to the above solution. LBT-OA was prepared by adding 0.25 mL of ethanol solution of OA (100 mg/mL) to the obtained LBT-base solution. Under continuous vortex mixing at room temperature, a cloudy solution spontaneously formed as a result of the complex formation. LBT-OA, a yellow precipitate, was collected via centrifugation. The supernatant was diluted with 1% acetic acid ethanol solution (1 mL of acetic acid in 100 mL of ethanol) and subsequently quantified (excitation/emission: 367/450 nm) by fluorescence spectrophotometer (RF-5301 PC, Shimadzu Scientific Instruments, Kyoto, Japan) to determine the concentration of LBT in the supernatant. The percentage of LBT complexed with OA was calculated as follows:
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The resultant complex was washed three times with water for injection, sealed and kept in a desiccator at room temperature.

Determination of octanol/water partition coefficient
====================================================

The octanol/water partition experiment was performed by the shaking-flask method using the following experimental conditions. The LBT base was prepared by the addition of excess sodium bicarbonate to an aqueous solution of LBT acetate, followed by an extract ion into a dichloromethane and solvent evaporation. Water and octanol were mutually saturated for 24 hours before the experiment. First, 1 mL of aqueous LBT acetate (1 mg/mL) and 1 mL of aqueous LBT base (1 mg/mL) were mixed with 3 mL of octanol, respectively. The 1 mL octanol solution of LBT--OA complex (equivalent to 1 mg/mL LBT base) was mixed with 3 mL of water. Consequently, the two phases were vigorously vortexed for 10 minutes and agitated for 24 hours in a thermostatic shaker bath (TaiCang Digitek Instrument Co, Ltd TaiCang, JiangSu Province, People's Republic of China) at 25°C ± 0.1°C. After equilibration, samples were centrifuged at 18,000 × g at 25°C for 15 minutes. Then, both phases were diluted with 1% acetic acid in ethanol and subsequently assayed by fluorescence spectrophotometry to determine the concentration. Each experiment was performed at least in triplicate. The partition coefficient (log P~o/w~) was calculated by the following equation:
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C~o~: concentration of LBT in octanol at equilibrium; V~o~: volume of octanol in sample; C~w~: concentration of LBT in water at equilibrium; V~w~: volume of water in sample.

Differential scanning calorimetry measurement
=============================================

Samples of LBT, OA, LBT--OA, and a mixture of LBT and OA were placed in vacuum at ambient temperature for two days to remove solvent residuals completely. Samples were then hermetically sealed in an aluminum pan and heated at a rate of 10°C per minute from 28°C to 300°C. The melting energy of the crystalline part of the polymer was obtained from the area of the endothermic peak.

Preparation of LBT-OA loaded NE and blank NE
============================================

LBT-OA-NE was prepared by a simple lipid film hydration-high pressure homogenization method. Briefly, LBT--OA prepared from 100 mg LBT and 250 mg OA, 800 mg lipoid E80, and 500 μL structured triglyceride was dissolved in 200 mL of dichloromethane in a round bottom flask. The organic phase was subsequently removed by a R-144 rotary evaporator (Buchi Laboratory Equipment, Flawil, Switzerland) under reduced pressure at 45°C until a thin lipid film formed. The dried lipid film was rehydrated in 50 mL water, followed by vigorous vortex. Afterward this predispersion was passed through a high-pressure homogenizer (EmulsiFlex-C5, AVESTIN Inc, ON, Canada) for seven cycles at an operating pressure of 96.4 MPa\~115.6 MPa, resulting in the formation of LBT--OA--NE solution. LBT--OA--PEG--NE was prepared the same as LBT--OA--NE. The only difference was that 760 mg lipoid E80 and 150 mg mPEG2000-DSPE was added into dichloromethane instead of 800 mg lipoid E80 ([Table 1](#t1-ijn-8-1959){ref-type="table"}). Blank PEG--NE was prepared the same as LBT--OA--PEG--NE just without LBT.

Characterization and fixed aqueous layer thickness of NE
========================================================

The NE's particle size and zeta potential were measured by photon correlation spectroscopy (Malvern Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK) in water at 25°C. Then the morphology of NE was observed by a transmission electron microscope instrument (H-600, Hitachi, Tokyo, Japan). Based on the Gouy--Chapman theory,[@b14-ijn-8-1959] the fixed aqueous layer thickness of the NE is expressed as:
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*F*\[*L*\] is zeta potential (the electrostatic potential at the position of the slipping plane), *A* is a constant, and *k* is calculated by $\sqrt{c/0.3}$ (*c* is the electrolyte's molality). The zeta potentials are measured with the increasing concentration of NaCl (0, 10, 50, and 100 mM). After the zeta potential was plotted against *k*, the slope *L* (nm) represents the fixed aqueous layer thickness (FALT).

Determination of drug-loading parameters and entrapment efficiency
==================================================================

The entrapment efficiency of LBT--OA--NE and LBT--OA--PEG--NE were determined by the ultrafiltration method. To separate the free drug from the NE suspension, Nanosep^®^ Centrifugal Filtration Devices (Mw cut-off 300 kDa; Pall Corporation, Port Washington, NY, USA) were used. A fixed volume (400 μL) of the freshly prepared LBT--OA--NE or LBT--OA--PEG--NE (1 mg/mL) was added to the sample reservoir tube and spun at 14,000 × g at 25°C for 60 minutes. The collected filtrate in the retentate vial was diluted with 1% acetic acid in ethanol (1 mL acetic acid in 100 mL) and analyzed by fluorescence spectrophotometry RF5301 PC (Shimadzu Scientific Instruments, Kyoto, Japan) (excitation wavelength: 367 nm; emission wavelength: 450 nm).

The formula of drug-loading (DL) coefficient and encapsulation efficiency (EE) were listed as:
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Drug release studies
====================

Drug release from LBT--OA--NE and LBT--OA--PEG--NE was investigated using a dialysis bag-diffusion technique. phosphate buffer saline (PBS) (100 mL; 0.01 M; pH 7.4) was used as the release medium at 37°C ± 0.1°C, under constant shaking at 100 rpm in a thermostated shaker bath (TaiCang Digitek Instrument Co, Ltd TaiCang, JiangSu Province, People's Republic of China). An appropriate amount of LBT, LBT--OA--NE, and LBT--OA--PEG--NE was suspended in the cellulose-membrane dialysis bag (Mw cut-off: 8000--14,000; EMD Millipore Corporation, Billerica, MA, USA) and immersed into the release medium. At certain time intervals, 2 mL aliquot of the medium was pipetted out, and each withdrawal was followed by replacement with the same volume of fresh medium. The amount of LBT released in the supernatant was determined by fluorescence spectrophotometry after the sample solution had been diluted with 1% acetic acid in ethanol RF5301 PC (Shimadzu Scientific Instruments, Kyoto, Japan) (excitation wavelength: 367 nm; emission wavelength: 450 nm). A control experiment to determine the release behavior of the free drug was also performed. An appropriate amount of LBT was dissolved in water (adjusted to pH 5\~6 with acetic acid), and 1 mL of this solution was enclosed in a dialysis bag and was immersed into the release medium, at 37°C ± 0.1°C. Then, the procedure described above for the NE was followed. Each experiment was performed in triplicate.

Pharmacokinetic studies in rats
===============================

The LBT--OA--NE, LBT--OA--PEG--NE, and LBT solutions were administered to Wistar rats via the tail vein at a dose of 10 mg/kg (about 1 mL per rat). Five rats were used in each group, and blood was collected from the orbit at a predetermined time after the intravenous injection, such as 1 minute, 3 minutes, 6 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 8 hours, and 10 hours. Plasma samples were obtained following centrifugation at 5000 rpm for 10 minutes.

Plasma samples (0.1 mL) were mixed with 20 μL of 20% trichloroacetic acid solution to precipitate protein. The mixtures were vortexed for 5 minutes. Then, they were centrifuged for 10 minutes at 13,500 rpm, and 280 μL of 1% acetic acid solution was added to the samples to ion pair with LBT. After the mixtures were vortexed for 5 minutes, they were centrifuged for 10 minutes at 13,500 rpm. Twenty μL of the supernatants were injected into the high-performance liquid chromatography.

Biodistribution studies in rats
===============================

The LBT--OA--NE, LBT--OA--PEG--NE, and LBT solutions were administrated to Wistar rats via the tail vein at a dose of 10 mg per kg. Five rats were used at each predetermined time after intravenous injection (15 minutes, 1 hour, 4 hours), and their blood and tissues (heart, lung, liver, kidney, and spleen) were collected.

Every tissue sample was accurately weighed, homogenized, and was given two volumes of 0.9% NaCl solution to gain a concentration of 333.33 mg/mL. Homogenized tissue samples (heart, spleen, liver, lung, and kidney; 0.1 mL) and plasma samples (0.1 mL) were mixed with 20 μL 20% trichloroacetic acid solution to precipitate protein. After the mixtures were vortexed for 5 minutes, they were centrifuged at 13,500 rpm for 10 minutes. Then, a 280 μL 1% acetic acid solution was added to the samples to ionize with the LBT. After the mixtures were vortexed for 5 minutes, they were centrifuged at 13,500 rpm for 10 minutes. Then, 20 μL of the clear supernatants was injected into the high-performance liquid chromatography (HPLC) system.

HPLC analysis
=============

The HPLC system was Agilent 1260 (USA) and Kromasil C~18~ column (150 mm × 4.6 mm; 5 μm). The mobile phase was a mixture of 10 mmol/mL ammonium acetate (1% triethylamine; adjusted to pH 3.6 with acetic acid) and methanol (74:26; volume/volume). The measurement wavelength was 260 nm; the measurement temperature was 35°C, and the flow rate was 1.0 mL per minute.

Pharmacokinetics data analysis
==============================

The data was analyzed using nonlinear regression analysis by the computer program Drug and Statistics Software 2.0 (Drug and Statistics, Anhui, People's Republic of China).

Cell culture
============

The C57BL/6-derived Lewis lung carcinoma cell line and the B16F10 cell line (the lung high metastasis cell lines, B16F10) were purchased from the American Type Culture Collection (Manassas, VA, USA). Both cells were cultured in RPMI-1640 medium (GIBCO Products International, Langley, OK, USA) supplemented with 10% fetal bovine serum (Minhai Bio-Engineering Co, Ltd Gansu, People's Republic of China), penicillin (100 U/mL) and streptomycin (0.1 mg/mL) at 37°C in humidified atmosphere containing 5% CO~2~ in air.

Antitumor activity in heterotopic models
========================================

The heterotopic Lewis lung carcinoma (LLC) tumor model was obtained by the subcutaneous injection of LLC cells (3 × 10^6^ cells per 100 μL) into mice. The model was obtained when the tumors reached about 0.5 cm in diameter.

To evaluate the antitumor activity in the heterotopic model, four groups (eight mice in each group) were obtained on day 10 after a subcutaneous injection of 100 μL LLC cells. The four groups were treated by LBT--OA--PEG--NE, LBT solution, the same volume of blank NE, and the same volume of saline solution, three times in 3 days from tail vein, respectively. The inhibitory effect was evaluated by the volume of the heterotopic tumor and the survival rate after treatment. Tumor volume was calculated as following:
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The life-prolonging effect was evaluated by the survival time (days after treatment). Moreover, during treatment, possible side effects the animals had were also observed. If the mice suffered severely (the tumor's diameter exceeded 25 mm), they were euthanized. Survival curves were established using the Statistical Product and Service Solutions 17.0 (SPSS Inc., Chicago, IL, USA).

Antitumor activity in lung metastasis model
===========================================

The lung metastasis model was obtained by tail vein injection of B16F10 cells (3 × 10[@b5-ijn-8-1959] cells per 100 μL) into mice. The experiments were started when the tumors were successfully inoculated into the lung (about 23 days after inoculation).

To evaluate the antitumor activity of LBT--OA--PEG--NE in the lung metastasis model, four groups (ten mice in each group) were obtained on day 23 after tail vein injection of B16F10. The four groups were given LBT--OA--PEG--NE, LBT solution, the same volume of blank NE and the same volume of saline solution three times in three days from the tail vein, respectively. The antitumor effect and life-prolonging effect were evaluated by the survival rate. Moreover, during treatment, possible side effects of animals were also observed. If the mice suffered severely, they were euthanized. Survival curves were established using the Statistical Package for the Social Sciences 17.0 (IBM Corporation, Armonk, NY, USA).

Statistical analysis
====================

All the experiments were repeated at least three times. All values are expressed as mean value plus or minus standard deviation. The statistical analysis of the samples was using a Statistical Package for the Social Sciences 17.0 (IBM Corporation) *t*-test with *P* \< 0.05 as the minimal level of significance.

Results and discussion
======================

Preparation of LBT--OA
----------------------

Ion-pair formation is a method for modifying the lipophilicity of ionizable drugs that has been used successfully by shielding their charge with an oppositely charged ion without chemical modifications.[@b15-ijn-8-1959],[@b16-ijn-8-1959] LBT has the quaternary ammonium moieties, which bear positive electrostatic charges localized at the protonated amino nitrogen. LBT could thus ionize with OA. The resulting ion-pair complexes increased the lipophilicity of LBT and facilitated the incorporation of LBT into the NE. Anionic ion-pairing agents, sodium taurodeoxycholate, and sodium tetradecyl sulfate, had been used to neutralize the charges of the cationic drug and enhance the entrapment of the drug in the nanoparticles.[@b17-ijn-8-1959] However, the major disadvantage of the ion-pair method is that the ion-pairing agents are potentially toxic and cannot be utilized for intravenous injection. In a former study,[@b18-ijn-8-1959] OA was used as the complexing agent, because OA is biodegradable and the physiological long chain fatty acid shows low toxicity. In addition, it is being used for parenteral formulations clinically.[@b19-ijn-8-1959] Therefore, OA was selected in this study to ion-pair with LBT. Due to LBT's instability, it decomposes easily in a strong alkaline environment. Sodium bicarbonate solution was selected to change the pH value instead of other bases, such as sodium hydroxide. When increasing the pH, it is probable that a deprotonation of the phenolic group occurred at basic pH, thus neutralizing the positive charge of the molecule and consequently rendering the molecule more lipohilic. In the preparation process, OA was dissolved in ethanol, and the solution was added to the aqueous solution immediately. When the OA was added to the sodium bicarbonate solution, it is probable that the deprotonation of OA to sodium oleate occurs, and then sodium oleate interacts with LBT ammonium quaternary salt to form the ion pair ([Figure 1](#f1-ijn-8-1959){ref-type="fig"}). In this way, OA is dispersed in an aqueous solution more easily than adding OA directly into the LBT solution and, as a result, it could react with the LBT sufficiently. The codissolve-evaporation method can be used to prepare LBT--OA.[@b20-ijn-8-1959],[@b21-ijn-8-1959]

Briefly, LBT--OA was prepared by dissolving 10 mg of LBT base and 25 mg of OA in dichloromethane, followed by solvent evaporation at 30°C under reduced pressure. Compared with the codissolve-evaporation method, the stirring method avoided using a toxic organic solvent, and the process was more convenient. The formation of an ionic complex is generally driven by electrostatic attraction, hydrophobic interaction, and hydrogen bonding.[@b16-ijn-8-1959] Although solvents with a low dielectric constant were suitable for ion-pair formation, once the ion pair is formed in an aqueous solution, the hydrophobic interaction also can successfully form ion pair as well as electrostatic force.[@b22-ijn-8-1959] This explained why the LBT--OA can be prepared both in water and dichloromethane. Phospholipids has been reported that the ionic complexes obtained by interactions between aliphatic amines and carboxylic acids have a structure type of the ion pair and complex composition of 1:1.[@b23-ijn-8-1959] Therefore, LBT--OA was hypothesized to form through electrostatic forces derived from the charge neutralization between the quaternary ammonium group of LBT and the acidic carboxyl group of OA ([Figure 1](#f1-ijn-8-1959){ref-type="fig"}). However, the quaternary ammonium group in LBT was too weak to react with the OA completely. Thus, the amount of OA was increased to almost three times the amount of LBT (2.88:1, mol/mol) to ensure the formation of LBT--OA. The extra amount of OA was also an effective counter-ion for LBT in the NE formulation. The addition of OA to aqueous solution of LBT base resulted in the immediate formation of ion-pair complex as brownish precipitates. During this complexation process, more than 95.1% of the LBT could ion-pair with OA, which was almost complete. Results also showed the formed LBT--OA was highly soluble in organic solvents, especially in ethanol, ethyl acetate, and acetone (data not shown).

Determination of octanol/water partition coefficient
====================================================

The octanol/water partition coefficient (log P~O/W~) of LBT acetate, LBT base and LBT--OA was −2.41, 0.36, and 1.12, respectively. It was shown that the lipophilicity of LBT base was slightly stronger than that of the LBT acetate. Moreover, the lipophilicity of LBT--OA was much stronger than that of the LBT acetate. These results indicated that the ion pair that formed between LBT and OA could shield the positive charge of LBT and that the long alkyl chain of OA increased the lipophilicity of LBT--OA, thereby facilitating the distribution of LBT in the organic phase. The enhanced lipophilicity of LBT--OA contributed to the increased solubility of LBT in the lipid matrix and, therefore, improved the entrapment efficacy of LBT in NE.

Differential scanning calorimetry
=================================

The differential scanning calorimetry curves of LBT acetate, OA, LBT and OA physical mixtures, and LBT--OA complex are shown in [Figure 2](#f2-ijn-8-1959){ref-type="fig"}. OA showed a broad endothermal peak at 283.0°C, corresponding to the evaporating behavior of OA. LBT acetate displayed a sharp-point endothermal peak at 226.1°C, corresponding to its melting point. The physical mixture of LBT and OA showed two endothermal peaks. One was at 45.6°C, similar to the onset temperature of OA complex, and the other was around 286.4°C, similar to the onset temperature of OA. The first peak of physical mixture could be interpreted as when the temperature was increased, OA melted, and drugs were dissolved in the OA and partly formed OA complex, which could be explained through the theory of preparation by the melt-out method. The differential scanning calorimetry curves of OA complexes showed the disappearance of endothermal peaks of drug and OA, indicating the possible interactions between LBT and OA, such as the formation of hydrogen bonds or van der Waals forces, rendering the loss of the second endothermal peak of OA.

Preparation of LBT--OA--NE and LBT--OA--PEG--NE
===============================================

In this study, we developed an economical, simple and reproducible method. High pressure homogenization (HPH) was proven a reliable technique for the preparation of NE that is being used in industry. In our study, NE consisted of lecithin, OA, and structured lipids (SL) (injectable grade) ([Table 1](#t1-ijn-8-1959){ref-type="table"}). All ingredients were biodegradable and physiological lipids showed low toxicity.[@b24-ijn-8-1959] Moreover, these materials are accepted by the regulatory authorities, such as the US Food and Drug Administration (FDA), and are clinically available for intravenous injection. In most cases, surfactants are added to the formulation of NE to stabilize fine particles with increasing surface area by preventing the coalescence of droplets. However, many of these stabilizers showed low biocompatibility in parenteral administration. In the formulation of LBT--OA--NE and LBT--OA--PEG--NE, the only surfactant used was lecithin (E80 and mPEG2000-DSPE), which was native and well-tolerated in humans.[@b25-ijn-8-1959] Moreover, it has been widely used in parenteral nutrition emulsions. Therefore, the two formulations developed in this study should expect fewer concerns with surfactant toxicity. The drug/lipid ratio and the amount of SL were only optimized in the formulation of LBT--OA--NE. However, mPEG2000-DSPE was added in the formulation of LBT--OA--PEG--NE instead of part of E80. Therefore, different process variables were employed to optimize the LBT--OA--NE preparation. The influences of LBT/phospholipid ratio (weight/weight \[w/w\]), LBT/SL ratio (w/w), and the conditions of HPH on the particle size distribution and the polydispersity index were examined. The size and morphology of NE were significantly impacted by the amount of phospholipids. Phospholipids could successfully form NE without micron-grade particles when the ratio of LBT/phospholipid reached 1:8 or 1:10 ([Table 2](#t2-ijn-8-1959){ref-type="table"}). For the intravenous injection purposes, fewer excipients would be better. Therefore, we employed LBT/phospholipid at the ratio of 1:8 to prepare NE, resulting in a relatively optimal particle size and polydispersity. The phospholipid or the excess OA contributes to the negative charges of NE,[@b26-ijn-8-1959] making them dynamically stable. In this system, higher drug-loading efficiency was achieved by LBT--OA--NE, avoiding the administration of redundant excipients.

Due to the increased liposolubility of LBT--OA, only a small amount of SL lipids (LBT/SL; 1:5; w/v) was required to prepare the NE with an optimal size distribution and polydispersity index. As shown in [Table 2](#t2-ijn-8-1959){ref-type="table"}, when the LBT/phospholipid/SL ratio (w/w/v) reached 1:8:5, both the mean size and polydispersity index (PDI) reached the best result. To study the conditions of HPH, the influence parameters, such as applied pressure, homogenization cycles, and temperature on particle-size distribution, were investigated. The temperature affected the size distribution of LBT--OA--NE slightly, due to the fact that the melting point of the lipids used in LBT--OA--NE was relatively low, so the homogenization process could be performed at room temperature to simplify the preparation. Studies showed seven homogenization cycles at an operating pressure of 100 MPa were sufficient to prepare LBT--OA--NE with optimal particle size and PDI. Increasing the homogenization pressure or the number of cycles resulted in an increase in the particle size, due to the droplets' coalescence which occurred as a result of the high kinetic energy of the NE droplets. In this experiment, the amount of mPEG2000-DSPE was 5 mol% of E80. In every formulation of this experiment, the molar ratio of E80 and mPEG2000-DSPE was fixed as following:
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Increasing the amount to 10 mol% or 20 mol% of E80, the result showed extraordinarily small particle size, less than 100 nm, with micelle-like morphology rather than NE. On the other hand, an excess of PEGylated lecithin (\>10 mol%) may cause the "accelerated blood clearance phenomenon," which makes PEGylated nanoparticles lose their sustained circulation characteristics via repeated injection.[@b27-ijn-8-1959]

Characteristics of NE
=====================

NE with and without 5 mol% mPEG2000-DSPE were prepared. The NE properties are showed in [Table 3](#t3-ijn-8-1959){ref-type="table"}. The size distribution of NE measured by photon correlation spectroscopy showed one narrow peak, indicating that the NE droplets population was relatively homogenous in size. The calculated mean size of LBT--OA--NE and LBT--OA--PEG--NE, based on three separate measurements, was 170.6 ± 4.8 nm with PDI of 0.155 ± 0.009 and 146.9 ± 4.3 nm with a PDI of 0.184 ± 0.012, respectively, which indicated that both NE formulations were uniform and monodispersed.

Furthermore, Sriwongsitanont's research showed that the decrease in vesicle size with an increase in mPEG2000-DSPE was ascribed to the steric hindrance of strongly hydrated PEG.[@b28-ijn-8-1959] The mean particle size and a PDI of PEGylated NE were much desirable, due to the optimal formulation and preparation parameters of NE. The transmission electron microscope micrographs of LBT--OA--NE and LBT--OA--PEG--NE showed that the shape of NE was spherical, and the particle size ranged from 100 to 200 nm, corresponding to the photon correlation spectroscopy results ([Figure 3](#f3-ijn-8-1959){ref-type="fig"}). The zeta potential of normal NE and the PEGylated NE was −37.4 ± 2.4 mV and −29.6 ± 3.9 mV, respectively, in approximation to the absolute value of 30 mV to satisfy the stability requirement. Zeta potential is essential to the storage stability of colloidal dispersion, small amounts of phosphatidylserine and phosphatidylglycerol (2%--5%) in Lipoid E80 resulted in a negative surface charge.[@b26-ijn-8-1959] Moreover, due to an accumulation of the negatively charged ionized carboxyl groups at the interface, OA could also act as coemulsifier, leading to more negative zeta potential, which resulted in a higher resistance to coalescence of the droplets.[@b18-ijn-8-1959] According to Gouy--Chapman theory, zeta potential is in inverse proportion to the FALT.[@b14-ijn-8-1959] Thus, the zeta potential of PEGylated NE, which had thicker FALT, due to the long PEG chain, was smaller than that of those normal NE.

FALT of the NE
==============

LBT--OA--PEG--NE's surface negative charge was less than normal NE ([Table 3](#t3-ijn-8-1959){ref-type="table"}). Based on Gouy--Chapman theory, this phenomenon might be caused by the PEG-aqueous layer. The surface PEG chains' hydrodynamic drag prevented the hydrodynamic plane of shear from closing the charge-bearing plane. Therefore, it caused the electrophoretic mobilities to decrease.[@b14-ijn-8-1959] As we all know, the negative zeta potential would increase the risk of lipid NE recognition by macrophages. So the PEGylated NE, which had a less-negative zeta potential, was prepared in our experiment. If there were PEGylated, the absolute value of zeta potential of NE decreased more steeply with NaCl concentration increasing. The FALT of LBT--OA--PEG--NE was calculated and shown in [Table 1](#t1-ijn-8-1959){ref-type="table"}. To prevent flocculation, it should be in a concentration of NaCl no more than 100 mM. The PEGylation would structure a fixed aqueous layer, which may help avoid the adsorption of opsonins and serum proteins, thus allow the escape of NE from the mononuclear phagocyte system.[@b29-ijn-8-1959]

Drug release studies
====================

The drug release from the free LBT solution was much faster than from other formulations ([Figure 4](#f4-ijn-8-1959){ref-type="fig"}). The free LBT solution released 46.2% of LBT within 1 hour. In contrast, the cumulative release amount of LBT--OA--PEG--NE was only 18.9% within 1 hour, demonstrating that there was no burst effect for LBT--OA--PEG--NE. This phenomenon can be attributed to the increased hydrophobicity of LBT in the formation of LBT--OA. Secondly, a hydrophobic interaction between drug and matrix lipids may help retain the drug in the matrix. Moreover, PEG chains also protected NE from burst effect. More than 80% of the drug was released from the free LBT solution into the medium after 24 hours, whereas the cumulative amount of LBT released from LBT--OA--PEG--NE was less than 55% by 24 hours, indicating the slow dissolution of LBT from the lipid matrix. The drug release profile of LBT--OA--NE and LBT--OA--PEG--NE could be best characterized by the Korsmeyer--Peppas model and the following regression equation was given in [Table 4](#t4-ijn-8-1959){ref-type="table"} obtained by DDsolver 1.0 (China Pharmaceutical University, Nanjing, People's Republic of China),[@b30-ijn-8-1959],[@b31-ijn-8-1959] where F (*t*) is the accumulative drug release (%), and *t* is time (h). The release profile of LBT--OA--PEG--NE was biphasic. The initial fast release was observed in the beginning of 8 hours, due to the large surface area of the lipid nanoparticles (LNs) and drug enrichment in the outer shell of the particles. In the late stage, the drug release was constant and slow. It could be attributed to the assumption that the lipophilic LBT--OA solubilized or dispersed in lipid matrix and, therefore, LBT released mainly by dissolution and diffusion of drug from the lipid matrix. In short, the drug release from LBT--OA--PEG--NE was delayed drastically as a result of the increasing lipophilicity of the complex and the incorporation of the drug into the lipid matrix.

Pharmacokinetics of LBT--OA--NE and LBT--OA--PEG--NE in rats
============================================================

The blood clearance curves of different LBT formulations are presented in [Figure 5](#f5-ijn-8-1959){ref-type="fig"}. The data was analyzed using nonlinear regression analysis by the computer program Drug and Statistics Software 2.0 (Drug and Statistics, Anhui, People's Republic of China). The area of the concentration-time curve is currently considered to be the standard method to assess the concentration in blood. In pharmacokinetic studies, the area under the concentration-time curve is shown to reflect the circulating situation. The area under the concentration-time curve (AUC) of LBT of LBT--OA--NE, LBT--OA--PEG--NE in blood after intravenous administration was about 11, 32-fold higher than the free LBT. After an injection of LBT--OA--PEG--NE, LBT was present in the plasma of rats after 8 hours. In contrast, the free LBT solution was eliminated quickly and could not be detected in the plasma of those rats after 0.5 hours, and no LBT was detected for LBT--OA--NE at 4 hours after intravenous injection. The release of LBT--OA--NE was slower than that of the LBT solution, it showed the basic ability of NE to slow down the elimination of the drug. The two-compartment model was chosen to fit the concentration-time curves. The pharmacokinetic parameters after intravenous administration of the LBT formulations are reported in [Table 5](#t5-ijn-8-1959){ref-type="table"}. The plasma kinetics of LBT--OA--PEG--NE showed a higher AUC, a lower rate of clearance and a smaller volume of distribution in comparison to those of the LBT solution and LBT--OA--NE ([Table 5](#t5-ijn-8-1959){ref-type="table"}). This was probably due to the slower release of LBT from LBT--OA--PEG--NE than from the free LBT solution and even the normal LBT--OA--NE.

This can be attributed to two reasons. First, most of the LBT--OA located in the oil phase of the NE, and some located at the interfacial lecithin layer between the oil phase and the aqueous phase and might release rapidly when the LBT--OA--NE interacted with serum components in the bloodstream. Second, the formulation of LBT--OA--NE did not include the stealth agent, such as the PEGylated lecithin (eg, poly\[ethylene glycol\]--distearoylphosphatidylethanolamine). Colloidal drug carriers were rapidly removed from systemic circulation after intravenous injection, due to the recognition as foreign bodies by the mononuclear phagocyte system (MPS).[@b32-ijn-8-1959] Various parameters, such as the nature of the components, the size, apparent electrical charge, and hydrophilicity of the carriers, influenced the elimination of such colloidal systems.[@b33-ijn-8-1959] Coating with hydrophilic polymer chains (PEG and its derivatives) to the surface of the colloidal carriers afforded them a highly hydrophilic shield away from electrostatic and hydrophobic interactions with serum components as well as reduced uptake by MPS.[@b34-ijn-8-1959] In comparison to conventional nanocarriers without PEG modification, these PEGylated colloidal drug delivery systems showed a prolonged retention time in blood, primarily due to the reduced recognition and uptake by phagocytic cells of the MPS located mainly in the liver and spleen. Thus, they were less readily cleared from circulation and showed prolonged circulation time in the bloodstream.[@b35-ijn-8-1959],[@b36-ijn-8-1959] Therefore, the LBT--OA--PEG--NE protected by the stealth agent was more stable while circulating in the bloodstream than LBT--OA--NE and exhibited relatively longer circulation time. Site-specific delivery of drugs and therapeutics could significantly reduce drug toxicity and increase the therapeutic effect. The pharmacokinetic properties of the drug in the nanocarriers, the vesicle size of the carriers, and the vascular permeability of individual tissues will determine the extravasation and biodistribution profile of the drug-loaded colloidal drug carriers.

Biodistribution of LBT--OA--NE and LBT--OA--PEG--NE in rats
===========================================================

Biodistribution of LBT in different formulations is shown in [Figure 6](#f6-ijn-8-1959){ref-type="fig"}. In [Figure 6B](#f6-ijn-8-1959){ref-type="fig"}, the LBT's concentration in the lung of LBT--OA--PEG--NE was significantly higher than that of LBT--OA--NE at all times. Moreover, in [Figure 6C](#f6-ijn-8-1959){ref-type="fig"} and [E](#f6-ijn-8-1959){ref-type="fig"}, the LBT's concentration in the liver of LBT--OA--PEG--NE was significantly lower than that of LBT--OA--NE at 15 minutes, and also in the spleen at 60 minutes and at 240 minutes. So we could infer that LBT--OA--PEG--NE could increase the LBT's concentration in the lung while decreasing it in the liver and spleen. LBT concentration in the lung (a primary target organ for LBT-related antitumor activity) of rats was significantly higher in the LBT--OA--PEG--NE group than in the free LBT solution group after 15 minutes of treatment ([Figure 6B](#f6-ijn-8-1959){ref-type="fig"}). The high concentration of blood could increase the accumulation of LBT in the lung, and the PEG chain could prevent NE uptake by the liver and the spleen. [Figure 6](#f6-ijn-8-1959){ref-type="fig"} also showed that when LBT--OA--PEG--NE were intravenously administered, LBT in the heart and kidney. This LBT concentration in the heart and kidney at 15 minutes was less than that concentration when treated by LBT solution, respectively. The lower LBT concentration in the heart, liver, and kidney in LBT--OA--PEG--NE-treated rats and the concomitant higher plasma level could be related to a prolonged LBT release from LBT--OA--PEG--NE.

Antitumor activity in lung tumor caused by heterotopic implantation of LLC cells
================================================================================

After inoculation of 3 × 10^6^ tumor cells into C57BL/6 mice, the growth rate of LLC tumors treated by PEGylated NE was slower than those tumors treated by LBT solution, blank NE, and normal saline ([Figure 7](#f7-ijn-8-1959){ref-type="fig"}). The proliferation rate of LLC cells in the mice treated by LBT--OA--PEG--NE was obviously lower than that in the mice treated by other formulations. According to [Figure 7](#f7-ijn-8-1959){ref-type="fig"}, the curve of LBT--OA--PEG--NE was the lowest all the time, while the curves of blank NE and saline were both the highest at the same time. First, it showed the antitumor effect of the LBT--OA--PEG--NE was much better than that of LBT solution. Secondly, they both had an antitumor effect on this model, while the blank NE and saline had no effect. The observed differences in the growth of LLC tumors were due to the prolongated circulation of the PEGylated NE. In addition, the observed differences in the tumors' growth of different formulations also existed in survival curves. Our analysis showed that LBT--OA--PEG--NE could prolongate mean survival time to 21.875 days, which was greater than that for the mice treated with blank NE, saline's about 12 days, and the mice treated with the LBT solution about 15 days ([Figure 8](#f8-ijn-8-1959){ref-type="fig"}). Further, the similar tendency of blank NE and saline showed the excipients didn't have antitumor activity. Thus, the differences in the growth rate of LLC tumors and the survival time were due to LBT's antitumor effect. Indeed, after an injection of LBT solution, the tail began to fester as a side effect ([Figure 9](#f9-ijn-8-1959){ref-type="fig"}). It was probably caused by the acetic acid, which was added to make the LBT dissolve in the water.

Antitumor activity in lung metastasis model
===========================================

Although the PEGylated NE inhibition of tumor was proved in the former heterotopic model, effect on lung metastasis model seemed to make more sense. In that experiment, we tested whether lung metastasis tumor could be prevented by LBT--OA--PEG--NE. When LBT--OA--PEG--NE treatment was given to mice bearing B16F10 tumor, a longer prolonged survival time was observed ([Figure 10](#f10-ijn-8-1959){ref-type="fig"}). As shown in [Figure 10](#f10-ijn-8-1959){ref-type="fig"}, LBT--OA--PEG--NE treatment resulted in significant inhibition of B16F10. Mean survival time of PEGylated NE extended to 45 days, whereas the mean time of control groups (blank NE and saline) and LBT solution was about 23 days and 31 days, respectively. Again, we found that the LBT solution treatment resulted in very weak tumor inhibition. But this inhibition of the B16F10 tumor in mice was less profound than that in NE-treated mice, and the side effect of fester in the tail was also observed. These results indicate that the PEGylated NE could potentiate the therapeutic efficacy of LBT.

Conclusion
==========

Overall, the LBT--OA--PEG--NE showed improved pharmacokinetic and altered tissue distribution profiles, which could be related to the enhanced lipophilicity of LBT, the shielding effect of PEG chains and the prolonged drug release. The present study demonstrated that a novel LBT--OA ionic complex was prepared to alter the solubility of LBT and entrap LBT into lipid NE. The method of preparing the ionic complex with OA develops a new prospective for carrying positively charged drugs into lipid-based colloidal drug carriers. In addition, the HPH method, feasible for scale-up production, allowed instantaneous and reproducible formation of LBT--OA--PEG--NE, with a diameter value, small PDI, high entrapment efficiency, and improved release properties. Most importantly, all the used materials were approved for intravenous injection, so the preparation has a great potential for clinical application. Pharmacokinetics and biodistribution studies in rats showed that LBT--OA--PEG--NE demonstrated higher LBT levels in blood and longer circulation time than free LBT, which suggested that the LBT--OA--PEG--NE may exhibit better therapeutic efficacy. LBT--OA--PEG--NE significantly decreased LBT concentration in the heart, liver, and kidney. Moreover, the LBT--OA--PEG--NE exhibited higher growth inhibitory effect and longer survival time than free LBT in both heterotopic and lung metastasis tumor models. Hence, this novel formulation has a promising potential as an alternative parenteral colloidal delivery system of LBT for cancer treatment.
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![Chemical structures of lycobetaine and the lycobetaine-oleic acid ionic complex.](ijn-8-1959Fig1){#f1-ijn-8-1959}

![DSC thermograms of oleic acid, lycobetaine acetate, lycobetaine--oleic acid complex (LBT--OA) and physical mixture of lycobetaine acetate and oleic acid.\
**Abbreviations:** LBT, lycobetaine; OA, oleic acid; DSC, differential scanning calorimetry.](ijn-8-1959Fig2){#f2-ijn-8-1959}

![Transmission electron microscopy micrograph of LBT--OA--NE and LBT--OA--PEG--NE aqueous suspensions.\
**Note:** Scale bar: 100 nm.\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine--oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.](ijn-8-1959Fig3){#f3-ijn-8-1959}

![Release curves of LBT from LBT solution, LBT--OA--NE, and LBT--OA--PEG--NE in PBS (0.01 M, pH 7.4) (n = 3).\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine--oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.](ijn-8-1959Fig4){#f4-ijn-8-1959}

![Plasma concentration-time profiles of LBT following intravenous administration of LBT solution, LBT--OA--NE and LBT--OA--PEG--NE (10 mg/kg).\
**Notes:** The inset is detail with enlarged scale from 0 to 100 minutes. Each value represents the mean ± SD (n = 5).\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine--oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.](ijn-8-1959Fig5){#f5-ijn-8-1959}

![Tissue distribution of LBT after intravenous administration of LBT solution, LBT--OA--NE and LBT--OA--PEG--NE (10 mg/kg).\
**Notes:** Organ (**A-E**) accumulation is expressed as percent of injected dose per gram of tissue post-euthanasia at 15 minutes, 60 minutes, and 4 hours. *P*-values apply to difference between nanoemulsions groups and LBT solution; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.005 represent a significant difference between two selected groups.\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine--oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.](ijn-8-1959Fig6){#f6-ijn-8-1959}

![Volume of LLC tumor treated by saline, blank nanoemulsions, LBT--OA--NE, and LBT--OA--PEG--NE.\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine--oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; LLC, Lewis lung carcinoma cell line; NE, nanoemulsion.](ijn-8-1959Fig7){#f7-ijn-8-1959}

![Life-prolonging effect of LBT solution, LBT--OA--PEG--NE and the control group (saline and blank nanoemulsions).\
**Notes:** Life-prolonging effect was determined from the survival time (day) of LLC-tumor-bearing mice. Survival curves of saline (line, blue), blank nanoemulsions (dotted, green), 10 mg/kg LBT solution-treated (line, red), and LBT--OA--PEG--NE (dotted, purple) groups are shown. Eight animals were in each treated group.\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine--oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; LLC, Lewis lung carcinoma cell line; NE, nanoemulsion.](ijn-8-1959Fig8){#f8-ijn-8-1959}

![Tail skin ulcer as a side effect of LBT solution. (**A**) was treated by LBT solution, and the fester was marked by a red arrow. (**B**) was treated by LBT--OA--PEG--NE, and no fester was observed.\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine--oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.](ijn-8-1959Fig9){#f9-ijn-8-1959}

![Life-prolonging effect of LBT solution, LBT--OA--PEG--NE and the control group (saline and blank nanoemulsions).\
**Notes:** Life-prolonging effect was determined from the survival time (day) of B16F10-tumor-bearing mice. Survival curves of saline, blank nanoemulsions, 10 mg/kg LBT solution-treated, and LBT--OA--PEG--NE groups are shown. Ten animals were in each treated group.\
**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine-oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.](ijn-8-1959Fig10){#f10-ijn-8-1959}

###### 

Components of each formulation

  Composition             LBT--OA--NE   LBT--OA--PEG--NE
  ----------------------- ------------- ------------------
  LBT (mg)                100           100
  OA (mg)                 250           250
  E80 (mg)                800           760
  mPEG2000-DSPE (mg)      0             150
  Structured lipid (μL)   500           500

**Abbreviations:** LBT, lycobetaine; NE, nanoemulsion; OA, oleic acid; E80, injectable egg lecithin; PEG, polyethylene glycol; mPEG2000-DSPE, N-(carbonyl-methoxypolyethylene-glycol-2000)-1,2-distearoyl-sn-glycero-3-phospho ethanolamine.

###### 

Formulations screening of LBT--OA--NE

  LBT (mg)   E80 (mg)   Structured lipids (mg)   Z-average diameter (nm)   Polydispersity index   Micron-grade large particles
  ---------- ---------- ------------------------ ------------------------- ---------------------- ------------------------------
  100        200        50                       248.0 ± 9.9               0.271 ± 0.012          \+
  100        400        50                       204.8 ± 5.8               0.236 ± 0.015          \+
  100        600        50                       205.8 ± 4.9               0.234 ± 0.008          \+
  100        800        50                       170.6 ± 4.8               0.155 ± 0.009          −
  100        1000       50                       170.8 ± 3.8               0.204 ± 0.010          −
  100        800        20                       169.8 ± 3.2               0.226 ± 0.008          \+
  100        800        40                       198.0 ± 2.0               0.194 ± 0.005          −
  100        800        50                       170.6 ± 4.8               0.155 ± 0.009          −
  100        800        60                       178.5 ± 0.6               0.195 ± 0.007          −
  100        800        80                       177.7 ± 1.4               0.170 ± 0.010          −

**Notes:** "+" means there are micron grade large particles in the NE; and "−"means not.

**Abbreviations:** LBT, lycobetaine; NE, nanoemulsion; OA, oleic acid; E80, injectable egg lecithin.

###### 

Physicochemical parameters of lipid nanoparticles (nanoemulsions)

  Physicochemical         LBT--OA--NE     LBT--OA--PEG--NE
  ----------------------- --------------- ------------------
  Average diameter (nm)   170.6 ± 4.8     146.9 ± 4.3
  Zeta potential (mV)     −37.4 ± 2.4     −29.6 ± 3.9
  PDI                     0.155 ± 0.009   0.184 ± 0.012
  EE%                     95.42 ± 1.58    97.32 ± 2.09
  DL%                     6.12            6.09
  FALT (nm)               1.1             2.05

**Abbreviations:** NE, nanoemulsion; PDI, polydispersity index; EE, encapsulation efficiency; DL, drug-loading coefficient; FALT, fixed aqueous layer thickness; LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine-oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE.

###### 

Release ratio of LBT from LBT--OA--NE and LBT--OA--PEG--NE against time by Korsmeyer--Peppas model

  Nanoemulsions      Korsmeyer--Peppas model            *R*^2^
  ------------------ ---------------------------------- --------
  LBT--OA--NE        F(t) = 120.798t^0.077^ -- 86.632   0.9954
  LBT--OA--PEG--NE   F(t) = 51.193t^0.158^ -- 30.487    0.9942

**Abbreviations:** LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine-oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.

###### 

Pharmacokinetics parameters of LBT solution, LBT--OA--NE and LBT--OA--PEG--NE in rats after intravenous administration

  Parameters               LBT solution mean (SD)   LBT--OA--NE mean (SD)                                             LBT--OA--PEG--NE mean (SD)
  ------------------------ ------------------------ ----------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------
  *t*~1/2α~ (min)          0.424 (0.184)            2.018 (1.792)                                                     2.856 (1.123)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"}
  *t*~1/2β~ (min)          6.951 (2.082)            33.447 (24.562)[\*](#tfn7-ijn-8-1959){ref-type="table-fn"}        72.541 (13.666)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"},[\#](#tfn9-ijn-8-1959){ref-type="table-fn"}
  C~max~ (mg/L)            35.965 (4.945)           52.800 (2.730)                                                    57.271 (6.373)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"},[\#](#tfn9-ijn-8-1959){ref-type="table-fn"}
  AUC~0--10h~ (mg/L min)   112.99 (11.68)           1208.16 (183.78)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"}   3452.09 (458.09)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"},[\#\#\#](#tfn11-ijn-8-1959){ref-type="table-fn"}
  MRT (min)                2.982 (0.369)            50.073 (9.666)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"}     112.022 (7.558)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"},[\#\#\#](#tfn11-ijn-8-1959){ref-type="table-fn"}
  CL (L/min/kg)            0.059 (0.007)            0.010 (0.003)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"}      0.003 (0.001)[\*\*\*](#tfn8-ijn-8-1959){ref-type="table-fn"},[\#\#](#tfn10-ijn-8-1959){ref-type="table-fn"}

**Notes:** Data are shown as mean plus or minus standard deviation; *P*-values apply to difference between NE groups and LBT solution;

*P* \< 0.05;

*P* \< 0.005 represent a significant difference compared with LBT solution;

*P* \< 0.05;

*P* \< 0.01;

*P* \< 0.005 represent a significant difference compared with LBT--OA--NE; rats were randomly divided into three groups of five.

**Abbreviations:** *t*~1/2α~, mean distribution half-life; *t*~1/2β~, mean elimination half-life; AUC~0--10h~, area under the concentration-time curve from time 0 to 10 hours; MRT, mean residence time; CL, total body clearance; PEG, polyethylene glycol; NE, nanoemulsions; LBT, lycobetaine; LBT--OA--NE, nanoemulsion loaded with lycobetaine-oleic acid complex; LBT--OA--PEG--NE, PEGylated LBT--OA--NE; NE, nanoemulsion.
